No uniform expression pattern of any sugar was seen in stromal components except for Hofbauer cells, which usually expressed GlcNAc (LEL and DSL etc.). Thus, the sugar expression analysis by lectin histochemistry combined with immunohistochemistry proved helpful to understand the sugar chain related functions of the placenta under both normal and pathological conditions.
Introduction
The placenta, as a feto-maternal interface, constitutes the site for the communication and exchange of substances between a mother and fetus. It has been strongly speculated that many kinds of the sugar code system are involved in various placental functions (Gude et al., 2004) . Indeed, there have been several studies on the distribution of oligosaccharides of glycoconjugates in normal term human placental tissues (Johnson and Faulk, 1976; Whyte, 1980; Lee and Damjanov, 1984; Konska et al., 2003) and pathological placental tissues (Thrower et al., 1991; Sgambati et al., 2002; Sgambati et al., 2007) . These, however, employed various approaches and methods, resulting in discrepant conclusions, resulting in that no consistent and reliable information is available concerning the sugar chain expression of the human placenta.
Lectins are glycoproteins that recognize and bind with carbohydrate residues of specific sugar structures with high affinity. In the body, these sugars are known to participate in various biological processes such as proliferation, cell recognition, signal transduction, cell-to-cell adhesion, and the intracellular targeting of newly synthesized proteins (Firestone and Heath 1981; Varki 1993; Zanetta et al., 1994) . Because of their high Summary. The general sugar expression pattern was studied in 9 normal full-term human placentas by the use of 21 individual lectins in combination with immunohistochemistry for various markers to understand the function of the placenta as the site of feto-maternal interactions. In mature intermediate and terminal villi, the brush border of the syncytiotrophoblast layer strongly expressed GlcNAc (as stained by WGA, S-WGA, DSL lectins) but weakly expressed sialic acid (Mal II, SNA). The cytoplasm of the syncytiotrophoblast layer showed weak expressions of GlcNAc and Gal/GalNAc with granular patterns. The cytotrophoblast layer, as also recognized by PCNA and HAI-1, typicaly expressed GlcNAc (LEL etc.) and Gal/GalNAc (MAL I). We found that the cytotrophoblast layer became very thin but largely maintained its continuity in the mature villi. The basement membranes of both the trophoblast layer and the endothelial layer strongly and continuously expressed mannose (Con A, LCA) and galactose (ECL, RCA I). Although endothelial cells almost exclusively expressed sialic acid and fucose, UEA I showed a heterogeneous reactivity with endothelial cells within the same vessels.
Lectin histochemistry and immunohistochemistry
For lectin histochemistry, the sections were rinsed with PBS and then permeated in 0.5% Triton X-100 (Wako, Osaka) for 60 min at room temperature (RT). The sections were rinsed again three times in PBS, and then incubated with FITC-conjugated lectins either for 2 h at RT or overnight at 4 . Lectins (Vector Laboratories, California, USA) used in this study are shown in Table 2 . Control samples were made by the same procedure without lectins.
For immunohistochemistry, the sections were rinsed with PBS after lectin staining, and reacted in 1% bovine serum albumin (BSA) in PBS at RT for 15 min to block any non-specific background reaction. The sections were then incubated with various primary antibodies for 3 h at RT or overnight at 4 . The antibodies employed in this study were as follows: anti-type IV collagen (polyclonal, rabbit immunoglobulin (IgG), 1:1000, Cosmo Bio Co. LTD., Tokyo); anti-PCNA (polyclonal, rabbit IgG, 1:300, Bethyl Laboratories, Texas, USA); anti-CD31 (PECAM-1, monoclonal, mouse IgG, 1:300, Angio Bio. California, USA); anti-vimentin (monoclonal, clone V9, mouse IgG, 1:100, DakoCytomation, Denmark); anti-LYVE-1 (monoclonal, mouse IgG, 30 g/ml, R&D Systems, Inc, USA); anti-CD68 (monoclonal, clone PG-M1, mouse IgG, 1:50, DakoCytomation, Glostrup, Denmark); anti-human HGF activator inhibitor type 1 (HAI-1) (polyclonal, goat IgG, 1:10, R&D Systems, Inc, USA); and anti-cytokeratin 7 (CK7) (polyclonal, goat IgG, 1:50, Santa Cruz Biotechnology, Inc, USA).
The sections were rinsed with PBS and then incubated with secondary antibodies either for 2 h at RT or overnight at 4 . Secondary antibodies used here were Cy5-conjugated goat anti-rabbit IgG, Cy3-conjugated goat anti-mouse IgG, and Cy3-conjugated donkey antigoat IgG (Jackson ImmunoResearch Laboratories, Pennsylvania, USA). The proper concentration of secondary antibodies were predetermined, this generally being 1:200. All sections were finally rinsed with PBS, post-fixed in 4% paraformaldehyde in PBS at RT for 15 min, washed with PBS, and then mounted with a Vectashield mounting medium (Vector Laboratories, California, USA). Analyses were performed with a Leica TCS-SL confocal laser scanning microscope (Leica, Wetzlar, Germany).
Semithin section preparation for bright field observation
After immersion in the primary fixative for several hours, small pieces of placentas were further immersed specificity for different saccharide groups, lectins have been widely used to study the molecular interactions that govern cell behavior. It is also known that these sugar codes are frequently altered in many diseases, particularly in various malignancies (Aub et al., 1965; Rapin and Burger, 1974; Cooper, 1982; Kluskens et al., 1984; Walker, 1984) .
In the present study, we sought to characterize the sugar chain expression in normal human full-term placentas. We employed a standard tissue preparation technique using a simple paraformaldehyde fixation followed by cryosectioning for sensitive fluorescent darkfield observations to avoid any possible bias imposed by the usual paraffin embedding procedures (Lee and Damjanov, 1984) . In addition to the ordinary lectin histochemistry for as many as 21 representative lectins to localize the sugar chains in detail, we also added immunohistochemistry for various specific markers to confirm further the topographical relationships with each other. This basic information was deemed essential to investigate the deviation of sugar codes in pathological changes in which a high degree of placental involvement is suspected.
Materials and Methods

Subjects
Human term placentas (n=9) from normal deliveries or Caesarean sections were obtained according to a protocol approved by the Ethical Committee of Tokyo Women s Medical University. A case summary is shown in Table 1 .
Tissue preparation
Placentas were cut into small pieces (roughly 5 3 20 mm, vertically oriented, and including the maternal and fetal surfaces) and fixed by immersion in 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS; pH7.4). The fixation time varied from 9 h to 77 days. Concurrently, the fixative was exchanged with a new fixative solution several times. Placental pieces were then cryoprotected by immersion overnight in PBS containing 30% sucrose, embedded in Tissue-Tec O.C.T. compound (Sakura Finetechnical, Tokyo), snap-frozen in liquid nitrogen, and stored at 80 until use. Fourteenm-thick frozen sections were made with a Leica CM 1850 cryostat (Leica Nussloch, Germany), mounted on MAS-coated glass slides (Matsunami, Osaka), and airdried overnight at room temperature (RT). Fetal capillaries were slender in mature intermediate villi and rather dilated in the terminal villi. In the terminal villi, the capillaries bulged toward the trophoblastic layer and formed the vasculosyncytial membrane in some places. These capillaries were lined by fetal endothelial cells, and pericytes were often seen just outside the endothelium. The endothelial basement membrane surrounded capillaries and pericytes.
The stroma (fetal connective tissue) was loose in both intermediate villi and terminal villi. Hofbauer cells (fetal macrophages), which were characterized by their rounded nuclei and numerous vacuoles and/or granules in their pleomorphic cell bodies, also existed in the loose connective tissue as free cells (Fig.1 inset) . Some fibroblast-like cells were also seen in the stroma.
Staining patterns of mature villi by the lectin histochemistry
Paraformaldehyde-fixed cryosections were reacted with various FITC-conjugated lectins (as listed in Table 2 ). The overall staining patterns of mature villi by various lectins specific for typical sugar groups were examined. The results were summarized topographically depending in 2.5% glutaraldehyde in PBS for epon-embedding. The specimens were further fixed in 2% osmium tetraoxide at 4 for 2 h, incubated with 2.0% uranyl acetate at 4 for 2 h for block staining, and then embedded in epoxy resin. Semithin sections (0.5 m) were made, stained with 1% toluidin blue solution, and observed with an Olympus BX-51 light microscope (Olympus. Tokyo).
Results
General structure and components of mature intermediate and terminal villi
Semithin sections of normal term human placentas showed that the villous core of mature intermediate and terminal villi was covered with a trophoblast layer (Fig.1) . The outermost layer of the trophoblast consisted of a rather thick brush border with microvilli, which was directly exposed to maternal blood in the intervillous space. In the layer of syncytiotrophoblasts, relatively small nuclei with rather dense chromatin were seen. The trophoblastic basement membrane was present between trophoblast layer and villous core. Cytotrophoblasts w e r e o c c a s i o n a l l y o b s e r v e d j u s t u n d e r n e a t h t h e syncytiotrophoblast layer. The nuclei of these cells were Hofbauer cells (Fig. 3b , see also Fig. 2, 4b, 6b, 7b) . Interestingly, all these lectins showed more or less granular staining patterns for the cytoplasm of trophoblast cells. SNA and MAL II specific to the sialic acid group bound strongly to endothelial cells, moderately to stroma, but much less or not at all to trophoblast layers (Fig. 3c, see also Fig. 2, 4c, 6c, 7c) . UEA I and LTL specific to the fucose group bound strongly and almost exclusively to endothelial cells but hardly reacted with other components in the villus (Fig. 3d , see also Fig. 2,  4d, 6d, 7d ). Among the lectins specific to Gal/GalNAc, heterogeneous staining patterns were seen, except for the general negativity to endothelial cells (Fig. 3e -i , see also on the sites of the villi (Fig. 2) . In general, variations in fixation time hardly affected the lectin binding or specificity to each sugar group.
The general staining patterns of the representative lectins for their corresponding sugars are shown in Figure  3 . Con A and LCA specific to mannose bound strongly to the trophoblastic basement membrane, moderately to the endothelial basement membrane, and faintly to the syncytiotrophoblast layer (Fig. 3a, see also Fig. 2,  4a, 6a) . WGA, S-WGA, LEL, STL, and DSL specific to GlcNAc bound strongly to brush borders of the syncytiotrophoblast layer and cytotrophoblasts but did not react with any stromal components except for by all the lectins in GlcNAc group) and Gal/GalNAc (positive by MAL I) (Fig. 4b, see also Fig. 2, 3b, 3g, 4g ). As reported previously Hallikas et al., 2006) , HAI-1 is known to be positive for the cytotrophoblast layer but not for the syncytiotrophoblast layer. In our results, the HAI-1 positive area continuously surrounded the villous core, and the staining almost completely overlapped the basal portion of LEL positive cytotrophoblasts, but not type IV collagen positive basement membranes (Fig. 5) . CK7 was positive for both syncytiotrophoblast and cytotrophoblasts (data not shown). The basement membrane of the trophoblast layer strongly and continuously expressed mannose (positive by Con A, LCA) and Gal (strongly positive by ECL, RCA I) but did not react with GlcNAc group lectins or fucose group lectins (Fig. 2-4) .
Vascular layer
Strong and constant expressions on endothelial cells were seen almost exclusively for the sialic acid group (Mal II, SNA) and fucose group (UEA I and LTL) (Fig. 6, 2 ). Mild expressions of mannose (Con A, LCA) and occasional reactions with Gal/GalNAc group lectins (PHA-L, etc.) were seen. Interestingly, UEA I reacted heterogeneously and discontinuously with endothelial cells within the same cross-sections while CD31 reacted with the endothelial cells homogeneously and continuously (Fig. 6d) . Vimentin (V-9) was positive for endothelial cells and PCNA was also often positive (data not shown). Like trophoblastic basement membranes, the vascular basement membrane strongly and continuously expressed mannose (positive by Con A, LCA) and Gal (positive by ECL, RCA I), but did not express GlcNAc (negative by LEL, WGA, etc.) or fucose (negative by UEA I, LTL) (Fig. 6, 2 ).
Stroma and Hofbauer cells
No uniform distribution or expression pattern of any sugar group was seen in stromal components except for Hofbauer cells. Except for LEL, STL, UEA I, GSL I-B4, Mal I, DBA, and VVL, most of the lectins examined showed some reactivity to either stromal extra cellular Fig. 2 , 4e -i, 6e -i). GSL I-B4 specific to Gal did not react with any components in the villus but with fetal white blood cells (Fig. 3e, see also Fig. 2, 4e, 6e, 7e) . ECL, specific to Gal 1-4GlcNAc/Gal, bound strongly to the trophoblastic basement membrane and Hofbauer cells but moderately to the endothelial basement membrane and stroma (Fig. 3f, see also Fig. 2, 4f, 6f, 7f) . MAL I, specific to Gal 1-3GlcNAc, strongly stained the trophoblast layer with a granular pattern (Fig. 3g , see also Fig. 2, 4g, 6g, 7g) . SBA specific to GalNAc stained the trophoblast layers, pericytes, and stroma with a more heterogeneous granular pattern (Fig. 3h, see also Fig. 2,  4h, 6h, 7h) . PHA-L, specific to Gal /GalNAc, stained the syncytiotrophoblastic brush border, endothelial cells, and Hofbauer cells with a relatively fine granular pattern (Fig.  3i , see also Fig. 2, 4i, 6i, 7i ).
Topographical expressions of sugar residues and other various markers as assessed by the lectin histochemistry in combination with immunohistochemistry
Paraformaldehyde-fixed cryosections were double stained with various lectins and other specific markers for trophoblasts (cytokeratin 7; CK-7), cytotrophoblastic cells (PCNA and HGF-activator inhibitor type 1; HAI-1), basement membranes (type IV collagen), vascular endoth elial cells (CD31; PECAM-1), macrophages (CD68), and stromal cells (vimentin), further confirming their topographical relationship with each other (Fig.  4 -7) .
Trophoblast layer
The brush border of the syncytiotrophoblast layer strongly expressed GlcNAc (strong positive by WGA, S-WGA, DSL), weakly expressed sialic acid (weak positive by Mal II, SNA), but did not express fucose (negative by UEA I, LTL). The cytoplasm of the syncytiotrophoblast layer showed weak expressions of GlcNAc and Gal/GalNAc with granular patterns. The cytotrophoblast layer, as recognized by nuclei positive for PCNA (Maruo et al., 2001) , usually expressed GlcNAc (strongly positive of delivery, or fetal sex. There also were no differences among the types of villi (stem villi / intermediate villi / terminal villi) other than the original structural differences.
Discussion
The present study has characterized the sugar chain expression in normal term human placentas using a reliable and applicable technique of lectin histochemistry in combination with immunohistochemistry. In order to minimize any possible inconsistencies, we employed a simple and standard tissue preparation technique for the mature intermediate and terminal villi of normal full-term placentas limited from 37-40 weeks of pregnancy.
We also tried to generalize the lectin binding patterns by the corresponding sugars as much as possible as it would be easier to understand the various biological functions of the placenta as well as its dysfunction in various pathological conditions. Although the lectin repertories we used did not completely cover those examined in other studies, our findings provide basic matrices or cellular components (Fig. 7, 2) . Mannose (Con A and LCA) and sialic acid (Mal II) appeared to be distributed on fibrous or reticular components while some lectins in the Gal/GalNAc group (SBA) showed a granular staining pattern in the stroma. In contrast, Hofbauer cells expressed various sugar groups in peculiar patterns (Fig. 7, 2) . They usually expressed GlcNAc (LEL and DSL etc.) but not fucose (UEA I, LTL). However, heterogeneous expression patterns within each group were seen. For example, in the mannose group, Con A strongly reacted with Hofbauer cells but LCA did not. Furthermore, SNA (sialic acid group), ECL, and PHA-L (Gal/GalNAc group) showed very strong expressions on Hofbauer cells. These sugars colocalized with CD68 (PG-M1) used as a marker for macrophages. PCNA was often positive in Hofbauer cells, and LYVE-1 also appeared to be positive in Hofbauer cells (data not shown) as reported by Bockle et al., (Bockle et al., 2008) .
Effect of other conditions
In general, there was no difference in the staining patterns by lectins as regarded different maternal age, parity, mode knowledge about the overall expression pattern of sugar chains in normal placental villi, which is summarized in Figure 8 .
It has been pointed out that the brush border of the syncytiotrophoblast is heavily glycosylated as the primary site for feto-maternal interactions (Whyte 1980; Sgambati et al., 2002) . In this study, we demonstrated that the brush border of the syncytiotrophoblast layer strongly expressed GlcNAc, and weakly expressed sialic acid. It may be possible to consider the sugars on the trophoblastic brush border as analogues of the glycocalyx of vascular endothelial cells. Anticoagulant factors, such as the von Willbrand factor (vWF) and thrombomodulin which are functional components in the glycocalyx of vascular endothelium, also exist in the brush border of the syncytiotrophoblast (Maruyama et al., 1985) . Their existence at the brush border is reasonable because the brush border directly contacts the maternal blood and coagulation would impair its function. The trophoblastic brush border is also known to have transporter molecules for glucose (GLUT), taurine (TauT), serotonine (SERT), and others (Kitano et al., 2004) , and each molecule is expected to be glycosylated. For example, the transferrin receptor and alkaline phosphatase in the brush border are known to be associated with N-linked oligosaccharides and 2,3-linked sialic acid (Fukushima et al., 2003) . Alkaline phosphatase is also reported to bind to Con A, and clathrin-coated pits were implied to react with WGA (Whyte, 1980) . Although the glycosylation of most of these molecules in the brush border has yet to be fully elucidated, our finding that the trophoblastic brush border mainly expressed GlcNAc accords with previous reports (Reitsma et al., 2007) . The cytoplasm of the syncytiotrophoblast layer also showed weak expressions of GlcNAc and Gal/GalNAc with granular patterns. These granular staining patterns may reflect the typical syncytial vacuoles for intracellular transports as reported previously (Jones and Fox, 1991) .
We also showed that the basement membrane of the trophoblast layer strongly and continuously expressed mannose and galactose but was completly negative for those lectins in the GlcNAc group and fucose group. This expression pattern on the trophoblastic basement membranes was almost the same as that on the endothelial basement membranes. On the other hand, strong and constant expressions of sialic acid and fucose were found on endothelial cells, as will be discussed below. No uniform distribution or expression pattern of any sugars was seen in stromal components except for Hofbauer cells, which usually expressed GlcNAc.
It has been long accepted that the cytotrophoblast layer either becomes interrupted or disappears as the villi mature during the course of gestation (Benirschke et al., 2006) . However, we found that the cytotrophoblast layer in mature villi became very thin but largely maintained its continuity as revealed by GlcNAc specific lectin staining (LEL, WGA, S-WGA, STL) and by the double staining of LEL and HAI-1. The HAI-1 antigen has been reported to be a potent inhibitor of HGF activators and a glycosylphosphatidylinositol-anchored serine protease that is highly expressed in human and mouse placentas (Chen et al., 2001; Fan et al., 2005) . Although its physiological functions in the placenta remain unclear, a possible role in the proliferation of trophoblasts has been suggested . This may be supported by the fact that the cytotrophoblasts were PCNA positive by immunohistochemistry. Mori et al. (2007) have also reported that the cytotrophoblast layer keeps its structural integrity during gestation. The unique structural changes of the trophoblastic layer may be involved in the regulation of molecular transport for feto-maternal exchange and the placental barrier function, and a strong involvement of GlcNAc in cytotrophoblast functions could also be speculated on from results of the present study.
Despite the almost exclusive expression of fucose in the endothelial cells, this sugar was distributed unevenly or discontinuously within a single vessel cross-section as shown by the double staining of UAE I with CD31 as an endothelial cell marker. Nikolov (1981) reported two types of fetal endothelial cells in mature human placentas by electron microscopy (Nikolov and Schiebler, 1981; Benirschke et al., 2006) , one of which contained numerous filaments within the cell and was speculated to relate with the contractile function, or blood flow regulation. Leach (2002) also reported the existence of two phenotypes of fetal endothelial paracellular junctions which were related to the barrier function or angiogenic function (Leach, 2002) . Our findings on the heterogeneous reactivity to UEA I within a single vessel suggest varying sugar expressions on endothelial cell plasma membranes and may explain these different functions. Alternatively, since UAE I is one of the most common lectins for labeling human vascular endothelial cells, the uneven staining pattern in the placental villi might simply indicate the relative functional immaturity of these endothelial cells. There has been some reports on the heterogeneous endothelial cell staining pattern with GSL I lectin and other antigens such as vWF, P-selectin, human leukocyte antigen-G (HLA-G), and endoglin (CD105), but their heterogeneity depended on the location or the type of vessel in the placenta (Lang et al., 1993; Lang et al., 1994; Dye et al., 2001) . Interestingly, the lectin binding pattern to blood vessels varies among different species and also depends on the type of vessel (Thurston et al., 1996; Nakamura-Ishizu et al., 2008) . Therefore, fetal endothelial cells in placentas appear to have several phenotypes within the organ in various aspects.
Hofbauer cells in the stroma showed a moderate but consistent expression of GlcNAc. Other than this sugar, however, there was no set rule in staining patterns by other lectins. Lee and Damjanov (1984) reported that 18 out of 23 lectins tested were reactive with Hofbauer cells and the stroma of the villi on Carnoy s solution fixed paraffin sections. The discrepancy between their data and ours may reflect the difference in tissue preparation procedures. It seemed to depend on the characteristics of each lectin rather than on the representative sugar chain although the significance of this phenomenon is unclear.
Although we did not perform sugar inhibition tests in this study, the sugar specificities of some major lectins were demonstrated by using their corresponding oligosaccharides to inhibit the binding on tissue sections in our previous report (Nakamura-Ishizu et al., 2008) . The exact functional significance of these sugar expressions in the mature placental villi remains undetermined at this stage. However, the possible main role of the sugar chains in the placenta may involve the exchange and metabolism of various substances, the production of various hormones, and placental barrier (Gude et al., 2004) .
In conclusion, we investigated the sugar chain expression in the human placenta using a reliable and applicable technique of lectin histochemistry in combination with immunohistochemistry of other specific markers. The general sugar distribution patterns in the normal mature villi should provide useful information to understand normal placental functions. These data will also be crucial to explain placental dysfunction in various pathological conditions, such as pregnancy induced hypertension and intrauterine growth restriction.
